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ACTUATABLE DIFFRACTIVE OPTICAL PROCESSOR 

BACKGROUND OF THE INVENTION 

Field of Invention 

This invention relates to optical processors and more particularly to actuatable, 
diffractive optical processors. 

Related Art 

Microelectromechanical manufacturing techniques facilitate batch fabrication of 
microelectromechanical systems (or "MEMS") that have complex features and functions. 
Microscale sensing and actuation applications are particularly well addressed by MEMS. 

For many MEMS applications, electrostatically-actuated structures are particularly 
effective as analog positioning and tuning components. Electrostatic actuation provides a 
combination of advantages for the microscale size regime of MEMS, including the ability to 
produce high energy densities and large force generation, as well as high operational speed, 
and the general ease of fabrication. 

Electrostatic actuation of a structure is typically accomplished by applying a voltage 
between an electrode on the structure and an electrode separated from the structure. The 
resulting attractive electrostatic force between the electrodes enables actuation of the 
structure toward the separated electrode. This applied elecrostatic force is opposed by a 
mechanical restoring force that is a function of the structure's geometrical and material 
properties. Controlling the structure's position during actuation requires balancing the 
applied electrostatic force and mechanical restoring forces. A more detailed description of 
the forces existing in an electrostatic device and design applications thereof is given in 
numerous publications and, in part, in U. S. Patent Application Serial No. 09/537,936 entitled 
"PRECISION ELECTROSTATIC ACTUATION AND POSITIONING," filed on March 29, 
2000 in the name of Elmer S. Hung, et al., which is hereby incorporated by reference. 

MEMS have been used in numerous ways as optical processors, including uses as 
diffractive optical processors. Examples of applications of diffractive optical processors have 
included optical communications applications, and metrologic applications such as 
polychomators used in spectroscopic systems. In such applications, the actuatable structures 
of the MEMS optical processor device is constructed to function as an actuatable grating 





structure. Because the performance of grating-based optical processors is effected by 
movements of the grating structure on the order of hundredths of the wavelength of light to 
be processed by the device, the precise positioning of the structure is critical. If precise 
positioning is not maintained over the entire surface of the optical processor, the useable 
5 portion of the surface is limited to the portions that are precisely positioned. 

An example of a diffractive optical processor is disclosed in U.S. Patent No. 
5,31 1,360 titled "Method and Apparatus for Modulating a Light Beam" issued May 10, 1994, 
by Bloom, et al. The optical processor disclosed by Bloom, et al. has a plurality of grating 
elements; each grating element is connected to a frame at both ends, but otherwise forming a 
^ 10 free standing bridge between the two frame connections. An electrode is placed below each 
*D of the grating elements such that when a voltage is provided between a grating element and a 

|rj corresponding electrode, the grating element is deflected toward the electrode. Because the 

^ grating element is connected at the ends, the deflected grating element forms a continuous 

J3 curve, with the maximum deflection of the electrode occurring at the midpoint between the 

u 15 connections, and zero deflection occurring at the connections. 

While the processor is able to achieve a selected deflection near the midpoint of the 
M 5 grating elements, the deflection of the remaining portions of the grating element is 

2 determined by the properties of the material from which the grating element made, and the 

distance between the connections. Accordingly, the useable portions of each of the grating 
20 elements in the optical processor is limited to a portion near the midpoints of the grating 
elements, where the surface has the selected deflection, and the grating approaches an 
appropriate flatness and orientation. 

Other MEMS grating structures have allowed the grating elements to remain nearly 
planar during actuation, but structures necessary to maintain planarity have resulted in 
25 limitations in optical performance. FIG. 1 is a schematic top view of a MEMS diffractive 
optical processor 100 that illustrates a basic topography for prior art MEMS diffractive 
optical processors that maintains planarity of the grating elements during actuation. The top 
surface 101 of optical processor 100 includes gaps 115 and actuatable grating elements 110. 
Grating elements 110 are actuatable in the direction of the z-axis (i.e., perpendicular to the 
30 top surface of optical processor 100) to control the diffractive characteristics of optical 

processor 100. Gaps 115 are fixed regions of the top surface of optical processor 100 that 
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provide separation between grating elements 110, thus allowing actuation of neighboring 
grating elements 110 without mechanical interference. 

The performance characteristics of diffractive optical processors, such as prior art 
diffractive optical processor 100, are affected by diffraction and scattering by the gaps 115. 
Accordingly, prior art MEMS-based optical processors having such a topography have had 
limitations in insertion loss, and dynamic range. 

The following terms and phrases will have the following definitions throughout this 
specification. "Insertion Loss" is a measure of device efficiency, defined as the loss of optical 
energy in an optical signal, resulting from transmission by an optical device. Insertion loss is 
a measure of the total signal energy output from a device relative to the total signal energy 
input into the device, often expressed in decibels. 

"Dynamic Range" of an analog device is a measure of the range of signal strengths 
over which a device can operate. Dynamic range is the span between the maximum signal 
strength attainable at the device output and the minimum signal strength attainable at the 
device output. 

In many applications, it is desirable to maintain the strength of an input signal, 
independent of the polarization of the signal. The degree to which an optical device 
attenuates an input signal as a function of polarization is referred to as "Polarization- 
Dependent Loss" ("PDL"). Ideally, the PDL is zero. 

SUMMARY OF THE INVENTION 

Exemplary aspects of this invention include optical processors that eliminate the gaps 
between grating elements, while providing improved planarity of the grating elements during 
actuation of the optical processor's grating elements. Accordingly, embodiments of these 
exemplary aspects have reduced insertion loss, and increased dynamic range. Still other 
exemplary aspects of the invention provide reduced power consumption, and reduced cost of 
production of optical processors. 

A first aspect of the invention is a diffractive optical processor having a substrate, and 
an axis normal to at least a portion of a surface of the substrate comprising a first mirror 
surface suspended over the substrate, at least a portion of the first mirror surface normal to 
the axis, the first mirror surface having two ends and displaceable in the direction of the axis, 
at least one support coupled to the first mirror surface at a point intermediate the ends of the 



first mirror surface; and a second mirror surface, at least a portion of the second mirror 
surface normal to the axis, the second mirror surface optically adjacent to first mirror surface, 
the second mirror surface separated from the first mirror surface a distance in the direction of 
the axis. 

A second aspect of the present invention is a diffractive optical processor having a 
substrate, and an axis normal to at least a portion of a surface of the substrate comprising a 
plurality of first mirror surfaces, each having two ends, at least a portion of each of the 
plurality first mirror surfaces normal to the axis, and each suspended over the substrate and 
displaceable in the direction of the axis, a plurality of supports each coupled to a 
corresponding one of the plurality of first mirror surfaces at a point intermediate the ends of 
the corresponding one of the plurality of first mirror surfaces, and a plurality of second mirror 
surfaces, at least a portion of each of the plurality of second mirror surfaces normal to the 
axis, each of the second mirror surfaces optically adjacent to at least a corresponding one of 
the plurality first mirror surfaces, each of the plurality of second mirror surfaces separated 
from the corresponding one of the plurality of first mirror surface a corresponding distance in 
the direction of the axis. 

A third aspect of the present invention is an electrostatically-actuated diffractive 
optical processor having a substrate, and an axis normal to at least a portion of a surface of 
the substrate comprising a plurality of first mirror surfaces, each having two ends, at least a 
portion of each of the plurality of first mirror surfaces normal to the axis, and each suspended 
over the substrate and displaceable in the direction of the axis, a plurality of supports each 
coupled to at least a corresponding one of the plurality of first mirror surfaces at a point 
intermediate the ends of the corresponding one of the plurality of first mirror surfaces, a 
plurality of actuation beams, each of the plurality of actuation beams suspended over the 
substrate to form a corresponding actuation gap, each of the plurality of actuation beams 
coupled to at least one of the plurality of supports to suspend a corresponding one of the 
plurality of first mirror surfaces over the substrate, each of the plurality of actuation beams 
including an actuation region displaceable through the corresponding actuation gap, a 
plurality of second mirror surfaces, at least a portion of each of the plurality of second mirror 
surfaces normal to the axis, each of the plurality of second mirror surfaces optically adjacent 
to at least a corresponding one of the plurality of first mirror surfaces, each of the plurality of 
second mirror surfaces separated from the corresponding one of the plurality of first mirror 
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surfaces by a distance in the direction of the axis, and a plurality of electrodes, each provided 
on the substrate and corresponding to one of the plurality of actuation beams, wherein when a 
voltage is applied between one of the plurality of actuation beams and the corresponding one 
of the plurality of electrodes, the actuation region is displaced through the corresponding 
actuation gap, the corresponding first mirror element is displaced, and the distance is 
changed. 

A fourth aspect of the present invention is a telecommunications system, for 
transmitting a wavelength division multiplexed signal, comprising a demultiplexer for 
separating the wavelength division multiplexed signal into a plurality of sub-signals, and a 
diffractive optical processor optically coupled to the demultiplexer for receiving and 
diffracting at least one of the plurality of sub-signals, the diffractive optical processor having 
a substrate and an axis normal to at least a portion of a surface of the substrate, a plurality of 
first mirror surfaces each having two ends and a portion of each of the plurality of first mirror 
surfaces normal to the axis and suspended over the substrate, and each of the plurality of first 
mirror surfaces displaceable in the direction of the axis, a plurality of supports each coupled 
to a corresponding one of the plurality of first mirror surfaces at a point intermediate the ends 
of the corresponding one of the plurality of first mirror surfaces, and a plurality of second 
mirror surfaces, a portion of each of the plurality of second mirror surfaces normal to the 
axis, each of the second mirror surfaces optically adjacent to at least a corresponding one of 
the plurality first mirror surfaces, each of the plurality of second mirror surfaces separated 
from the corresponding one of the plurality of first mirror surfaces a distance in the direction 
of the axis. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Illustrative, non-limiting embodiments of the present invention will be described by 
way of example with reference to the accompanying drawings, in which the same reference 
numeral is used for common elements in the various figures, and in which: 

FIG. 1 is a schematic top view of a MEMS diffractive optical processor that 
illustrates the basic topography of a typical MEMS diffractive optical processor, according to 
the prior art. 

FIG. 2 is a top view of one example of one embodiment of an electrostatically- 
actuatable diffractive optical processor according to the present invention. 
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FIG. 3 is a cross-sectional side view of the diffractive optical processor of FIG. 2 
taken along the line 3- 3. 

FIG. 4 is a cross-sectional side view of an upper mirror suspension structure having 
an unactuated actuation beam taken along the line 4-4 of FIG. 2. 

FIG. 5 is a cross-sectional side view of an upper mirror suspension structure having 
an actuated actuation beam taken along the line 4-4 of FIG. 2. 

FIG. 6 is a cross-sectional side view of a lower mirror suspension structure taken 
along the line 6-6 of FIG. 2. 

FIGS. 7A-7K provide cross-sectional views of a simplified, exemplary fabrication 
sequence for producing an optical processor according to the present invention. 

FIGS. 8A-8K provide top viewsiof a simplified, exemplary fabrication sequence for 
producing an optical processor according\o the present invention. 

FIG. 9 is a schematic diagram illustrating one example of embodiment of a 
telecommunications system according to the present invention. 

FIG. 10 is a schematic diagram illustrating an example of a second embodiment of a 
telecommunications system according to the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
FIG. 2 is a top view of one example of one embodiment of an electrostatically- 
actuatable diffractive optical processor 200 according to the present invention. FIG. 3 is a 
cross-sectional side view of the diffractive optical processor of FIG. 2 taken along the line 3- 
3 that illustrates exemplary mirror surfaces 210a-c and 215a-b. Top surface 201 of optical 
processor 200 includes upper mirror surfaces 210a-d (collectively referred to as 210) and 
lower mirror surfaces 215a-d (collectively referred to as 215). Upper mirror surfaces 210 and 
lower mirror surfaces 215 have elongate dimensions in direction-y and widths in direction-x. 

Although the upper mirror surfaces 210a-d and lower mirror surfaces 215a-d do not 
form a planar or continuous surface in direction-x, the phrase "top surface" will be used 
herein to refer to the upper mirror surfaces 210a-d and lower mirror surfaces 21 5a-d. In one 
embodiment of optical processor 200, the ends of upper mirror surfaces 210 and lower mirror 
surfaces 215 are connected to a frame 255. 

Upper mirror surfaces 210 and lower mirror surfaces 215 that neighbor one another 
are "optically adjacent" for light projected onto optical processor 200 normally to top surface 
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201 (i.e., for light projected in the direction of the z-axis, illustrated as light 350 in FIG. 3). 
Surfaces that are optically adjacent for light of a specified angle of projection are located 
such that light projected onto the surfaces at the specified angle is projected onto one or the 
other surface, and substantially no light impinges on points between the surfaces. It should 
be understood that because the surfaces may be separated in the direction of the z-axis (also 
referred to simply as direction-z), an insubstantial portion of light from the specified angle 
may impinge on points other than on the optically adjacent surfaces (e.g., interstitial regions 
375 and sidewalls 371, 373 in FIG. 3); such light may be deflected due to diffraction or 
scattering. 

Upper mirror surfaces 210 are moveable relative to lower mirror surfaces 215, in 
direction-z. In one embodiment, mirror surfaces 210 are individually addressable, and 
individually actuatable in direction-z. A controller 250 is illustrated that is capable of 
generating electrical signals necessary to address and actuate individual mirror surfaces 210a- 
d. Controller 250 can be any known controller capable of generating electrical signals 
necessary to address and actuate mirror surfaces 210. Although optical processor 200 is 
illustrated having a select number of mirror surfaces 210, 215, it should be understood that an 
optical processor having any number of mirror surfaces is within the scope of this invention. 

Although the widths of the upper mirror surfaces 210 and lower mirror surfaces 215 
are illustrated as equal, the widths of the upper mirror surfaces 210 and lower mirror surfaces 
215 can be varied as a function of their location along the x-axis (i.e., "chirped). For 
example, the widths of the mirror surfaces 210, 215 can be varied linearly as a function of x 
to accommodate the projection of beams of light onto optical processor 200, wherein the 
beams of light corresponds to channels of a WDM signal that are equally spaced as a function 
of frequency, and wherein the channels have been spatially separated by a diffraction grating. 

Referring to FIG. 3, each of the mirror surfaces 210 is suspended over substrate 330 
by a corresponding upper mirror suspension structure 310, and each of the mirror surfaces 
215 is suspended by a corresponding lower mirror suspension structure 315. An interstitial 
region 375 exists between each upper mirror suspension structure 310 and any adjacent lower 
mirror suspension structures 3 1 5 to allow movement of upper mirror suspension structures 
310 in direction-z. 

The upper surfaces of mirror surfaces 210 and the upper surfaces of mirror surfaces 
215 are separated by a distance d along direction-z. Mirror surfaces 210 and 215 are made to 



-8- 



be optically adjacent by extending each mirror surface 215 on one of mirror beams 316 at 
least from a corresponding point 370, which corresponds to an extension in direction-z of a 
corresponding one of side walls 371 5 to a point that is a finite distance away in the direction of 
a corresponding one of points 372, and by extending each mirror surface 215 at least from a 
corresponding point 372, which corresponds to an extension in direction-z of a corresponding 
one of sidewalls 373, to a point that is a finite distance away in the direction of a 
corresponding one of points 370. 

It should be understood that the present invention includes the possibility that a given 
one or more of mirror surfaces 215 can be continuous between the corresponding points 370 
and 372, or may have one or more discontinuities between corresponding points 370 and 372. 
It should also be understood that present invention includes the possibility that a given one or 
more of mirror surfaces 210 can be continuous between the corresponding sidewalls 371 and 
373, or may have one or more discontinuities between corresponding points 371 and 373. 

In one embodiment, mirror surfaces 215 cover the widths of the top surfaces of mirror 
beams 316 from edge to edge; alternatively, portions of mirror beams 316 beyond points 370 
and 372 may not be covered by mirrored surface 215. In other embodiments, either one or 
both of sidewalls 371 and 373 are covered by mirrored surfaces. 

In the case of two neighboring mirror surfaces, such as mirror surfaces 210b and 
215a, the mirror surfaces 210b, 215a are made to be optically adjacent by extending mirror 
surface 210b at least from a corresponding one of sidewalls 373 to a point that is a finite 
distance away in the direction of a corresponding one of sidewalls 371, and by extending 
mirror surface 215a at least from a corresponding one of points 372 to a point that is a finite 
distance away in the direction of a corresponding one of points 370. 

As described in greater detail in FIG. 4, each upper mirror suspension structure 3 10 is 
constructed to enable displacement of a corresponding one of mirror surfaces 210 in 
direction-z in a manner that allows maintenance of the planarity of at least a portion of the 
corresponding one of mirror surfaces 210 and maintenance of optical adjacency of 
corresponding mirror surfaces 210 and 215. 

Each upper mirror suspension structure 310 includes an auxiliary beam 358, one or 
more auxiliary support posts 359, an actuation beam 352, and one or more actuation beam 
support posts 353. Actuation beam support posts 353 are optional; as discussed below, in an 
alternative embodiment, support posts 353 are omitted. In another alternative embodiment, 
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auxiliary beams 358 are formed of a reflective material (e.g., aluminum), wherein each 
auxiliary beam 358 and a corresponding one of the upper mirror surfaces 210 are integrated 
into a single feature made of a single material, and the upper portion of each auxiliary beam 
358 forms a corresponding upper mirror surface 210. 

Each auxiliary beam 358 is suspended over an actuation beam 352 by auxiliary beam 
support posts 359. Accordingly, auxiliary gaps gi are formed between auxiliary beams 358 
and actuation beams 352. It should be understood that the auxiliary gaps in optical processor 
200 may be all equal in size or different. 

Each actuation beam 352 is constructed of an electrically conducting material or 
alternatively is constructed of multilayers wherein at least one layer is conducting or capable 
of holding charge, and is suspended over substrate 330 by actuation beam support posts 353. 
Accordingly, actuation gaps go are formed between actuation beams 352 and electrodes 360. 
It should be understood that the actuation gaps in optical processor 200 may be all equal in 
size or different. As described in the fabrication sequence below, substrate 330 may be 
deposited with one or more insulating layers; any such layers are not shown, to avoid 
obfuscation. 

Each electrically-conducting electrode 360 is provided on the surface of the substrate 
330, isolated from the substrate by an insulating layer 363. If the support posts 353 are 
formed of an electrically-conducting material, the actuation beam support posts 353 each can 
be electrically-isolated from electrodes 360 by an insulating support bases 368. If the 
actuation beams supports are formed of an insulating material support bases 368 are not 
required. 

The above is a description of one embodiment of the structure of electrodes 360 and 
upper mirror suspension structures 310; however, it should be understood that electrodes 360 
and upper mirror suspension structures 310 can be any electrodes or suspension structures 
that are capable of actuating actuation beams 352 in the z-direction, while maintaining 
planarity of at least a portion of the corresponding mirror surface 210, including any structure 
as described in U. S. Patent Application Serial No. 09/537,936 entitled "PRECISION 
ELECTROSTATIC ACTUATION AND POSITIONING," which has been incorporated by 
reference. 

Actuation of an actuation beam 352 is achieved by applying a voltage V between an 
actuation beam 352 and a corresponding electrode 360. As further described with reference 
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to FIG. 5 below, voltage V causes a flexure of the actuation beam 352, such that a 
corresponding actuation region 355 of one of the actuation beams 352 is displaced through 
actuation gap go toward the substrate 330, resulting in a change in the distance d. 

The distance d corresponding to an unactuated actuation beam 352 is typically 
approximately equal to the wavelength of light 350. If distance d corresponding to an 
unactuated actuation beam 352 is selected to be slightly greater than one wavelength of light, 
a bias voltage V can be applied to achieve distance d equal to one wavelength of light, by 
varying voltage V and observing maximum energy in the zeroth diffractive order of light 350 
that is diffracted from optical processor 200. Optical processors having a distance d 
corresponding to an unactuated actuation beam 352, that is greater than and not 
approximately equal to the wavelength of light 350 are also useful because many of the 
optical characteristics of optical processor 200 repeat as distance d is changed by a integer 
multiple of one half of a wavelength of light 350, and because a bias voltage V can be applied 
to vary distance d. 

A bias voltage V can be applied to achieve a distance d equal to A,(n/2) (where n is an 
integer, and X is equal to the wavelength of light 350), by varying voltage V and observing 
maximum energy in the zeroth diffractive order of light 350 that is diffracted from optical 
processor 200. In one embodiment, optical processor 200 is operated by varying distance d 
between a selected distance d that is equal to A,(n/2) and a distance d equal to A,(2n-l)/4 by 
varying voltage V and obtaining a minimum energy in the zeroth diffractive order of light 
350 when light 350 is diffracted by optical processor 200. 

Lower mirror suspension structures 315 include mirror beams 316 suspended a fixed 
distance fo over substrate 330 by support posts 351. The widths of mirror beams 316 may 
extend to points corresponding points 370 and 372, or may extend beyond corresponding 
points 370 and 372 so as to underlap auxiliary beam 358. As described in the fabrication 
sequence below, on the regions of the substrate 330 below lower mirror suspension structures 
315, substrate 330 may be deposited with one or more conduction layers or insulating layers; 
any such layers are not shown, to avoid obfuscation. 

In the present example embodiment of the invention, lower mirror suspension 
structures 315 suspend lower mirror surfaces 215 a fixed distance foover substrate 330 (i.e., 
mirror beams 316 are not actuatable); however, it should be understood that embodiments 
having actuatable lower mirror suspension structures are within the scope of this invention. 
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Also, although optical processor 200 is illustrated with lower mirror surfaces 215 a fixed 
distance fo over substrate 330 and upper mirror surfaces 210 actuatable, in other embodiments 
of optical processor 200, the upper mirror surfaces are suspended over substrate 330 a fixed 
distance and lower mirror surfaces are actuatable. It should be understood that the fixed 
distances fo in optical processor 200 may be all equal in size or different. 

In an alternative embodiment, actuation beam support posts 353 of upper mirror 
suspension structure 350 can be omitted by coupling actuation beams 352 to two neighboring 
mirror beams 316, such as at coupling regions 354. Coupling the actuation beams 352 in 
such a manner allows the actuation beams 352 to be suspended above substrate 330 by one or 
more mirror beams 316 and eliminates the need to form support posts 353 and the need to 
include insulating support bases 368, thus simplifying the fabrication process. 

Although surfaces 210 and 215 are optically adjacent for light projected onto the 
optical processor normally to top surface 201, advantages of such optical processors may be 
recognized when they are operated with light that is projected other than normally to the top 
surface 201 . However, for light projected other than normally onto top surface 201 , a portion 
of the light projected onto optical processor 200 will impinge on sidewalls 371, 373 and 
interstitial areas 375. Additionally, although it is generally advantageous to have the widths 
of the upper mirror surfaces 210 equal to widths of the lower mirror surfaces 215 for systems 
designed to operate with light projected normally to top surface 201, when an optical 
processor is designed to operate with light projected other than normally to top surface 201, it 
may be advantageous to make the widths of lower mirror surfaces 215 larger than the widths 
of upper mirror surfaces 210 to compensate for shadowing of lower mirror surfaces 215. 

FIG. 4 is a cross-sectional side view taken along the line 4-4 of FIG. 2. FIG. 4 
includes an upper mirror suspension structure 310 having an unactuated actuation beam 352. 
An exemplary one of upper mirror surfaces 210 is included for clarity; and frame 255 is 
omitted to avoid obfuscation. Two actuation beam segments 352' of a plurality of actuation 
beam segments 352' of the actuation beam 352 are coupled to one or more support posts 353 
to suspend upper mirror surface 210 over substrate 330, each actuation beam segment 352' 
having a common length, L\. Although actuation beam segments 352' of actuation beam 352 
are illustrated having a common length, actuation beams comprised of actuation beam 
segments having different lengths are within the scope of this invention. Also, optical 
processors comprised of a first actuation beam having beam segments of a given length, and a 
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second actuation beam having beam segments of a different length are within the scope of 
this invention. FIG. 4 illustrates that each actuation beam segment 352' is suspended over 
the substrate by support posts 353 forming an actuation gap g 0 between the actuation beam 
segments 352 and electrode 360, and including an actuation region 355 displaceable through 
the actuation gap go. 

Although actuation beam 352 is illustrated having two actuation beam segments 352% 
upper mirror suspension structures 310 having one or more actuation beam segments 352' are 
within the scope of this invention. Also, although, actuation beam segment 352' is 
illustrated as extending from a first support post 353 to an adjacent support post 353, it 
should be understood that an actuation beam segment 352' may be suspended by a single 
support post 353, in any manner such that the actuation beam segment 352' extends a finite 
distance from support post 353. 

Upper mirror surface 210 is formed on an auxiliary beam 358. One or more support 
posts 359 are coupled to the actuation beam 352 and the auxiliary beam 358, forming 
auxiliary gap, gi. Accordingly, upper mirror surface 210 is suspended over substrate 330, at 
one or more points intermediate the ends of upper mirror surface 210 by one or more support 
posts 359, at least a portion of mirror surface 210 intermediate the ends of mirror surface 210 
is normal to the z-axis. 

One complete auxiliary beam segment 358' and two partial auxiliary beam segments 
358" of a plurality of auxiliary beam segments of the upper mirror support structure 310 are 
illustrated. Although auxiliary beam 358 is illustrated having three auxiliary beam segments 
358', 358", any auxiliary beam 358 having one or more actuation beam segments 358' is 
within the scope of this invention. Also, although auxiliary beam segment 358' is illustrated 
as extending from a first auxiliary support post 359 to an adjacent support post 359, it should 
be understood that an auxiliary beam segment may be suspended by a single support post 
359, in any manner such that the auxiliary beam segment 358' extends a finite distance from 
support post 359. Auxiliary beams comprised of auxiliary beam segments having different 
lengths are also within the scope of this invention. 

FIG. 5 is a cross-sectional side view taken along the line 4 — 4 of FIG. 2 of an upper 
mirror suspension structure 310 having actuated actuation beam 352. An exemplary mirror 
surface 210 is included for clarity. When, in the manner discussed above with reference to 
FIG. 3, an actuating voltage V is applied between the actuation beam 352 and electrode 360, 
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the actuation region 355 of each actuation beam segment 352' is displaced through the 
actuation gap, thus displacing the mirror surface 210 toward the substrate 330 along the z- 
axis. Planarity is maintained along portion 515 of auxiliary beam 358 during downward 
displacement of the actuation beams segments 352\ such that mirror surface 210 is normal to 
the z-axis, because the support posts of the auxiliary beam move downward in unison. 

In embodiments of optical processors having a frame 255, the ends of auxiliary beam 
358 are coupled to frame 255 and are maintained a fixed distance above substrate 330. 
Because mirror surface 210 is formed on auxiliary beam 358, the ends of mirror surface 210 
are coupled to the frame 255 and are also maintained a fixed distance above substrate 330. 
Accordingly, the auxiliary beam 358 and mirror surface 210 tend to curve during actuation. 
Although the mirror surface 210 tends to curve, at least a portion of mirror surface 210 
intermediate the ends of mirror surface 210 is normal to the z-axis. 

The curvature in mirror surface 210 and auxiliary beam 358 is caused to be altered by 
auxiliary support posts 359. For the purpose of this invention an altered curvature is a 
curvature that is other than the curvature formed by a structure having both ends connected to 
a fixed structure, but otherwise forming a free standing bridge between the connected ends. 
While upper mirror suspension structure 310 is illustrated having two support posts 359, it 
should be understood that upper mirror suspension structures having one or more support 
posts 359 are within the scope of this invention. 

In one embodiment, portion 515 of mirror surface 210 and auxiliary beam 358 is 
caused to be substantially planar by support posts 359, and the curvature is confined to a 
region 510. A substantially planar surface is a surface whose deviation from planarity, as 
measured from maximum to minimum points on the relevant portion of surface is less than or 
equal to one-hundredth of the wavelength of operation. 

The degree of planarity achieved by a given structure is dependent on numerous 
factors including the materials and processing techniques used to construct auxiliary beam 
358 and support posts 359, the dimensions of auxiliary beam 358 and support posts 359, and 
the number of support posts 359 intermediate the ends of auxiliary beam 358 (i.e., 
intermediate the connections to frame 255). Typically, the degree of planarity achievable by 
a given structure is directly proportional to the number of support posts 359 intermediate the 
ends of auxiliary beam 358. As one of ordinary skill in the art would understand, the 
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planarity of a given structure can be determined by numerous means, including a position- 
sensitive sensor or an interference microscope. 

The construction of the various geometric features of upper mirror suspension 
structure 310 and electrode 360 to achieve a desired travel range of upper mirror surface 210 
5 upon the application of an actuation voltage V can be achieved by appropriately selecting 
material and geometries according to U. S. Patent Application Serial No. 09/537,936 entitled 
"PRECISION ELECTROSTATIC ACTUATION AND POSITIONING," which has been 
incorporated by reference. 

FIG. 6 is a cross-sectional side view taken along the line 6-6 of FIG. 2. FIG. 6 
Q 10 illustrates a lower mirror suspension structure 315, including a mirror beam 316. An 

exemplary mirror surface 215 is included for clarity. Mirror beam 3 16 is comprised of one or 
^ more mirror beam segments 316'. As discussed above, lower mirror suspension structure 

H= 315 suspends lower mirror surface 215 a fixed distance 601 above substrate 330 by support 

Jj posts 351, thus forming a beam gap fo. 

f 15 Although, lower mirror suspension structure segments 316' is illustrated as extending 

□ from a first auxiliary support post 35 1 to an adjacent support post 35 1 , it should be 

Mi 

understood that lower mirror suspension structure segments 316' may be supported by a 
W single support post 351, such that the auxiliary beam segment 316' extends a finite distance 

from support post 351 . Also, although lower mirror suspension structure 3 15 is illustrated as 
20 suspending mirror surface 215 a fixed distance above substrate 330 (i.e., lower mirror 
suspension structure 315 is unactuatable), embodiments of optical processors having an 
actuatable lower mirror suspension structure are within the scope of this invention. Even if 
lower mirror suspension structure 315 is actuatable, at least a portion of mirror surface 215, 
intermediate the ends of mirror surface 215, is normal to the z-axis 
25 FIGSNZA-7J and FIGS. 8A-8J will be discussed in conjunction with one another to 

\A describe a simplifiecl>sxemplary fabrication sequence for producing an optical processor such 

^^1/2^ as the example embodimen^f^die present invention described above. The fabrication 

\ sequence discussed corresponds tothe^ternative embodiment discussed with reference to 

FIG. 3, wherein actuation beam support post9v353 of upper mirror suspension structure 350 
30 are omitted by coupling actuation beam 352 to mirh3i^)eam 3 16 of the lower mirror 

suspension structure 315; accordingly, formation of suppcfrt^posts 353 is unnecessary. FIGS. 
7A-7J provide cross-sectional views, corresponding to a view aliJngline 4-4 of FIG. 2, of an 
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i example fabrication secju^nce for producing an embodiment of one example of an optical 

< ^~ > y processor according to the pres$nt4^e*rtion. FIGS. 8A-8J provide top views of an example 
fabrication sequence for producingan'bQibodiment of one example of an optical processor 
according to the present invention. Some fe&fc^res illustrated in FIGS. 7A-7J and FIGS. 8A- 
5 8J are only visible though other features; such features are included for completeness, and 
will be indicated as visible through another feature. Refei^nce will be made to features of 
optical processor 200 in FIG. 3 where helpful. 

Referring to FIG. 7 A, a starting material of, e.g., a 4-inch (10.16 cm) p-type or n-type 
silicon wafer is provided as a substrate 700. It is preferable that the wafer thickness vary over 

y 10 a die area by much less than the optical wavelengths of interest. A layer 702 of silicon 

y3 

yy dioxide, e.g., of about 0.5 - 1 .0 micrometers or thicker, is thermally grown on the substrate, 

SJ 

IH and a layer 704 of silicon nitride of, e.g., about 0.1- 1.0 micrometers is formed by low 

pressure chemical vapor deposition (LPCVD). These layers together form the electrical 
J3 isolation of the substrate. As shown in FIG. 8A, a uniform silicon nitride layer 704 covers 

L= 15 silicon wafer 700; layer 702 is not visible. 

W As shown in FIG. 7B, a polysilicon layer 710, of for example, 0.5|j.m in thickness, is 

then deposited by LPCVD, doped by implantation, and patterned to form the actuating 
p; electrodes 760 (corresponding to electrode 360 in FIG. 3). FIG. 8B illustrates actuating 

electrodes 760. While electrodes 760 are formed over substantially the entire top surface (i.e., 

20 electrodes are formed over regions corresponding to actuation beams (not yet formed; 352 in 
FIG. 3) and mirror beams (not yet formed; 3 16 in FIG. 3), the electrodes corresponding to 
mirror beams are optional; however, the electrodes corresponding to mirror beams function to 
maintain the thickness of semiconductor structure, and are preferably deactivated (e.g., 
grounded) during use of an optical processor so formed. As one of ordinary skill in the art 

25 would understand, electrodes 760 are electrically coupled to bond pads or to conventional, 
integrated processing circuitry integrated on substrate 700, to form the electrical connections 
for the operation of the optical processor (i.e., displacement of the mirror surfaces). 

Referring to FIG. 7C, a sacrificial oxide layer 712, e.g., a layer of oxide with a 
thickness of about 2.0 jam is deposited or grown to define the actuation gap (corresponding to 

30 go in FIG. 3). Any method of oxide deposition or growth now known or later developed can 
be used to form oxide layer 712. FIG. 8C illustrates the oxide layer 712 that will form 
actuation gaps go and fixed gaps (corresponding to fo in FIG. 3). 
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In an oxide etch step, shown in FIG. 7D, mirror beam support post windows 716 are 
etched through the entire thickness of the oxide layer 712 to define the locations and the 
dimensions of the support posts (corresponding to beam support posts 351). For example, the 
support post windows are placed at regular intervals along the length of the mirror beam, and 
have a square cross section with side dimensions approximately equal to the width of the 
mirror beams e.g., 10 micrometers. In FIG. 7D, mirror beam support post windows 716 are 
visible through oxide layer 712. FIG. 8D illustrates that beam support post windows 716 are 
formed in oxide layer 712 in regions 717 of oxide layer 712 that correspond to fixed gaps 
(corresponding to fo in FIG. 3). 

Referring to FIG. 7E, a polysilicon layer 718 of, e.g., 2.0 (im in thickness, is then 
deposited to form rows of actuation beams 721 (corresponding to actuation beam 352 in FIG. 
3), mirror beams (not visible in FIG. 7E; corresponding to mirror beam 3 1 6 in FIG. 3), and 
support posts 751 (corresponding to the mirror beam support posts 351 in FIG. 3). For 
example, the width of the mirror beams is 10 micrometers and the actuation beams are 5 
micrometers. Support posts 751 are visible through oxide layer 712. Polysilicon layer 718 is 
doped by implantation. As illustrated in FIG. 8E. alternating rows of actuation beams 721 
beam and mirror beams 723 are formed. Coupling regions 854 (corresponding to coupling 
regions 354 in FIG. 3) provide coupling between the actuation beam 721 and mirror beams 
723 to allow the actuation beams 721 to be suspended by neighboring mirror beams 723. In 
FIG. 8E, support posts 751 are visible through mirror beams 723. 

Turning to Fig. 7F, a sacrificial oxide layer 720, e.g., a layer of oxide of 2.0 |um in 
thickness, is deposited or grown on the polysilicon layer 718 using any known growth or 
deposition method, and patterned to define support post windows 722 (corresponding to 
support posts 359 in FIG. 3) which are etched through the entire thickness of the oxide layer 
720. For example, the support post windows 722 are placed at regular intervals along the 
length of the actuation beam, and have a square cross section with side dimensions 
approximately equal to the width of the actuation beams e.g., 5-6 micrometers. Oxide layer 
720 corresponds to auxiliary gap gi in FIG. 4. FIG. 8F illustrates the formation of post 
windows 722 in the region corresponding to auxiliary gap gi. 

As shown in Fig. 7G, a polysilicon layer 724 is deposited and etched to form an 
auxiliary beam 773 (corresponding to 373 as shown in FIG. 3) and an auxiliary support post 
759 (corresponding to 359 as shown in FIG. 3). As noted above, the degree of planarity 
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achievable by a given fabrication sequence increases with the number of support posts 759 
intermediate the ends of auxiliary beam 773, and is dependent on numerous factors, including 
materials and processing techniques. For simplicity, FIG. 7G is illustrated having two 
support posts 759; in one exemplary embodiment of an optical processor having a frame (not 
shown), the number of support posts 759 is selected to be four and the region between the 
middle posts is the region of substantial planarity. However, one of ordinary skill in the art 
would understand that optical processors having one or more support posts 759 and having 
regions of substantial planarity that span one or more support posts 759 are within the scope 
of this invention. FIG. 8G illustrates the patterning of polysilicon layer 724 to form auxiliary 
beams 773 (corresponding to 373 as shown in FIG. 3). The etching exposes oxide layer 720 
in the regions of the mirror beams. In FIG. 8G, support post 759 is visible through auxiliary 
beams 773. 

The fabricated structure is then annealed, e.g., at a temperature of about 900-1 100°C 
for, e.g., about 5 hours. Preferably, the annealing time and temperature are optimized for the 
particular mechanical and materials properties of a given structure, in the conventional 
manner. With such optimization, the annealing process enables reduction of the residual 
stress in the mechanical polysilicon layers to near zero. Following annealing, films produced 
by the fabrication deposition sequence (the films are not shown in the figures to avoid 
obfuscation) are then removed from the backside of the wafer with consideration for substrate 
warpage, in a conventional manner. 

In the step corresponding to FIG. 7H, the fabricated structure is etched to release 
polysilicon layers 718 and 724 and thereby free actuation beams 752, auxiliary beams 773, 
and mirror beams (not visible). 

The etch may be performed, for example, using a 49% HF solution. The fabricated 
structure is then diced. The suspended actuation beam rows and mirror beam rows result. 
Optionally, the fabricated structure is freeze-dried to avoid stiction of the actuation beams 
752 and auxiliary beams 773 to the substrate. In another embodiment, a self-assembled 
monolayer (SAM) is applied to polysilicon layers 718 and 724 to avoid stiction. 

FIG. 8H illustrates die 802 having two mirror beams 815 and two auxiliary beams 
773. Although the illustrated dies are illustrated having two mirror beams 815 and two 
auxiliary beams 773, die 802 can have one or more mirror beams 815, and one or more 
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auxiliary beams 773. In one embodiment, four-hundred auxiliary beams 773 and mirror 
beams 815 form a single die. 

Referring to Fig. 71, an optically reflective coating 726 is deposited from above 
substrate 700 on the poly silicon layers 724 to form upper mirror surface 725 (corresponding 
to upper mirror surface 210 in FIG. 3) and to form lower mirror surfaces (not visible; 
corresponding to lower mirror surface 215 in FIG. 3). For example, a 200 A-thick layer of 
chrome is deposited, followed by a 5000 A-thick layer of gold. 

FIG 81 illustrates that by performing the metal deposition from directly above the 
substrate, the metalization process enables self-alignment of the upper mirror surface 725 and 
lower mirror surface 726, thus forming mirrored surfaces that are optically adjacent for light 
projected normally on the top surface of the optical processor. The width of the mirrored 
surfaces 725 and 726 are substantially determined by the width of the exposed surfaces of 
poly silicon surfaces 815 and 773, as viewed from above, in FIG. 8H. 

Optical processors made according to the above process may be made to have 
mirrored surfaces 725 and 726 having any suitable width and length. One particularly useful 
embodiment for use with light having a wavelength of 1 .5 micrometers has upper and lower 
mirror surface widths equal to 10 micrometers and mirror lengths equal to 200 — 300 
micrometers in length. As one of ordinary skill would understand, the choice of mirror 
widths is dependent on numerous factors, including the wavelength of light with which the 
optical processor is to be used, acceptable PDL, concern for the creation of anomalous effects 
resulting from diffractive orders created along the top surface of the optical processor, and 
the desired angular separation of the sub-signals to be processed by the optical processor. 

In embodiments where the sidewalls (not visible in FIG. 81; corresponding to 371 and 
373 in FIG. 3) are to be covered by a mirrored material, a metal deposition from an angle 
other than directly above the substrate can be used. As one of ordinary skill would 
understand, the angle of deposition can be selected to allow deposition on the sidewalls and 
to avoid deposition into the interstitial region (corresponding to 375 in FIG. 3). 

This example fabrication sequence is not intended to limit the range of materials or 
fabrication technologies that can be employed to produce the optical grating and other 
actuation structures described above. For example, bulk micromachining, electro-machining, 
electro-deposition, electro-plating, rapid-prototyping, photochemical, and other 
manufacturing processes can be employed. Similarly, the materials used to form the 
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components of the structures are not limited to those described above. It is to be recognized 
that while microelectronic materials can be particularly well-suited for many applications, 
given their electrical, mechanical, and lithographic characteristics, other material systems that 
enable control of residual stress can also be employed. 

FIG. 9 is a schematic diagram illustrating one example of an embodiment of a 
telecommunications system 900 according to the present invention. In FIG. 9, an optical 
signal 920 from an optical fiber 921, the signal having a number of channels (i.e., a WDM 
signal), is directed to an optical demultiplexer 922. A fixed transmission diffraction grating or 
fixed reflection diffraction grating may be employed as the optical demultiplexer 922 (e.g., 
FIG. 9 illustrates a reflective element for the optical demultiplexer), although it should be 
appreciated that the invention is not limited in this respect; namely, other types of 
conventional or yet-to-be-developed optical elements may be used for the optical 
demultiplexer 922. The optical demultiplexer 922 may include one or more optical elements 
to spatially separate different wavelengths of the optical signal 920. 

For purposes of the following discussion, the demultiplexer 922 shown in FIG. 9 is 
depicted as separating the optical signal 920 into three spatially distinct channels A, B, and C, 
each having a different nominal wavelength or band of wavelengths. In other embodiments, 
it should be understood that the separated constituents A, B, and C of the optical signal 920 
shown in FIG. 9 alternatively may represent different wavelength bands or sub-bands of the 
optical signal. The word "sub-signal" shall be used herein to mean any of channels, bands, or 
sub-bands. Of course, it should also be appreciated that the depiction of three different 
channels (or wavelength bands) in FIG. 9 is for purposes of illustration only, and that the 
invention is not limited in this respect; namely, any number of channels sub-signals may be 
included in the optical signal 920 and spatially separated by the optical demultiplexer 922 at 
various resolutions. 

In one embodiment of system 900, the purpose of the demultiplexer 922 is to achieve 
spatial separation of the tightly-spaced optical sub-signals within the wavelength-division 
multiplexed (WDM) optical signal 920. In other aspects, the demultiplexer 922 may provide 
spatial separation in which the sub-signals overlap to some extent; specifically, in some 
cases, two neighboring sub-signals may include one or more identical channels, along with 
other channels that are not included in both bands. The degree of spatial separation provided 
by the demultiplexer 922 relates to an overall resolution of system 900, which may be 



-20- 



determined by various system design parameters. Hence, it should be appreciated the spatial 
separation provided by the demultiplexer 922 is a matter of design choice, and the invention 
is not limited to any particular implementation of the demultiplexer 922. Accordingly, in one 
aspect, system 900 may be specifically tailored to accommodate a variety of optical 
processing applications, based at least in part on the optical signals to be processed. 

In FIG. 9, the three spatially separated channels A, B, and C are directed onto the 
surface of an optical processor 200. FIG. 9 also shows the corresponding zeroth-order 
diffraction (i.e., specular reflection) for each channel diffracted by optical processor 200 as 
A' 5 B', and C\ The zeroth-order diffractions of the diffracted channels are directed in turn to 
an optical multiplexer 926 which recombines the diffracted channels into a single processed 
optical signal 901 (so that the processed signal can be directed into an optical fiber 970, for 
example). Optical multiplexer 926 may include one or more various conventional diffractive 
or refractive optical components for recombining the zeroth-order diffractions A', B\ and C' 
of the diffracted channels. 

For purposes of the following discussion, the path of the optical signal 920 through 
telecommunications system 900 in FIG. 9, including the separated constituents A, B, and C of 
optical signal 920, and the zeroth order diffractive outputs A', B\ and C from optical 
processor 200, is referred to as the "main pathway" through the apparatus. However, it 
should be understood that embodiments that include first or higher order diffractive outputs 
(i.e., orders other than the zeroth order) from optical processor 200 in the main pathway are 
within the scope of this invention. 

FIG. 9 also shows that, according to one embodiment, telecommunications system 
900 includes a controller 250 coupled to the optical processor 200. In this embodiment, the 
controller 250 is employed to control the diffracting processor 200 so as to individually and 
selectively diffract each of the channels A, B, and C impinging on the optical processor 200. 
In one aspect of this embodiment, the controller 250 and the optical processor 200 are 
capable of simultaneously controlling the diffraction of each of the channels A, B, and C, 
wherein each channel may be differently diffracted. As one of ordinary skill would 
understand, one or more passive elements such as a steering mirror (not shown) may be 
included as necessary, to fit telecommunications system 900 in a given apparatus housing 
(not shown). 
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System 900 described in FIG. 9 can be configured to operate as a variable optical 
attenuator (V OA) or a gain equalization filter (GEF) by actuation of the optical processor 200 
by controller 250 so as to independently and variably control the main pathway intensity of 
the various channels. System 900 can also be configured to implement optical add/drop 
manipulation (OADM) optical processing functions. In OADM applications, the optical 
processor 200 is operated so as to substantially reduce the zeroth-order intensity of a 
particular channel of the optical signal 920 (i.e., a channel dropping function), or to optimally 
diffract a channel to be added from a separate optimally positioned input into the main 
pathway (i.e., a channel adding function). 

In particular, to realize a channel adding function, an optical signal including the 
channel to be added may be optimally positioned with respect to the optical processor 200 so 
that the channel to be added strikes a portion of the grating such that a non-zeroth order C" 
(e.g., a first order) of the diffracted added channel is directed essentially along the main 
pathway (e.g., along with the zeroth-orders of diffracted channels A', B\ and C shown in 
FIG. 9). In this manner, the added channel can be spatially combined with the other channels 
by the optical multiplexer. From the foregoing, it may be appreciated that system 900 of 
FIG. 9 provides a versatile optical processing mechanism capable of a number of different 
functions in a single device. 

FIG. 1 0 is a schematic diagram illustrating an example of a second embodiment of a 
telecommunications system 1000 according to the invention. Similar to the system 900 
illustrated in FIG. 9, system 1000 can be configured to operate as a VOA, GEF or an OADM. 
In FIG. 10, optical signal 920 from an optical fiber 921, the signal having a number of 
channels (i.e., a WDM signal), is directed to an optical demultiplexer 922. As described 
below, optical demultiplexer 922 operates as an optical multiplexer and demultiplexer in 
telecommunications system 1000. The optical demultiplexer 922 spatially separates channels 
(or sub-signals) A, B, and C according to wavelength and directs the channels onto the 
surfaces of a diffracting optical element 200, through a lens system 1050 such that channels 
A, B, and C impinge on element 200 substantially normal to its top surface 1001. 

Telecommunications system 1 000 processes light similarly to telecommunications 
system 900 in FIG. 9, by controlling the strength of the zeroth-order (i.e., specular reflection) 
diffracted channels A', B', and C 9 for each of channels A, B, C respectively, using optical 
processor 200; however, in optical processor 1000 channels A, B, and C are projected onto 
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optical processor 200 normal to the top surface 1001 of optical processor 200 such that 
channels A\ B', and C are diffracted by optical processor 200 back through lens system 
1050 to demultiplexer 922 and are recombined (i.e., multiplexed). As one of ordinary skill 
in the art would understand, a circulator (not shown) may be included in the pathway of 
signal 920 and processed signal 921 . 

Having thus described the inventive concepts and a number of exemplary 
embodiments, it will be apparent to those skilled in the art that the invention may be 
implemented in various ways, and that modifications and improvements will readily occur to 
such persons. Thus, the embodiments are not intended to be limiting and presented by way of 
example only. The invention is limited only as required by the following claims and 
equivalents thereto. 

What is claimed is: 



